We report new results on acousto-optical tomography in phantom tissues using a frequency chirp modulation and a CCD camera. This technique allows quick recording of three-dimensional images of the optical contrast with a two-dimensional scan of the ultrasound source in a plane perpendicular to the ultrasonic path. The entire optical contrast along the ultrasonic path is concurrently obtained from the capture of a film sequence at a rate of 200 Hz. This technique reduces the acquisition time, and it enhances the axial resolution and thus the contrast, which are usually poor owing to the large volume of interaction of the ultrasound perturbation.
Introduction
Imaging biological tissues with light is valuable for many purposes. One advantage is the possibility of designing systems that are both low cost and easy to use compared with already available techniques such as x-rays, scanners, positron emission tomography or magnetic resonance imaging. One may hope that optical techniques could be used for widespread detection of breast cancer pathology. Light can reveal echography-silent contrasts and thus can enrich a diagnosis. Last, but not least, this technique is nonionizing and noninvasive. However, the goal to achieve in vivo optical images is jeopardized by optical scattering because although biological tissues are quite transparent in the near-infrared part of the spectrum ͑therapeutic window typically between 700 and 1300 nm͒, each propagating photon loses the memory of its direction after roughly 1 mm of propagation in the tissue, owing to a mean free path of approximately 50 m and an anisotropy factor of 0.9 to 0.95. This loss means that because of scattering, photons propagating through the medium have very different trajectories. As a consequence, image formation in the sense of geometrical optics has no meaning; thus other techniques must be considered. The solution to reconstruct images of objects embedded in a scattering medium with a good spatial resolution remains open because of the complexity of the problem.
A widespread technique consists of using multichannel and wavelength light sources and a detectors setup. 1 The huge amount of information allows for solution of the inverse problem and for calculation of the local absorption and scattering coefficients ͑e.g., a and b ͒. As a complement of the foregoing, time domain with ultrafast laser sources can be used to discriminate ballistic from snakelike photons. 2 Nevertheless, this process requires the use of heavy equipment and thus is not easily compatible with a routine clinical organization.
Another philosophy is that of selectively inducing inside the medium a local perturbation that can be carried out with light. A simple way to handle this induction is with the use of a focused ultrasound ͑US͒ source; this method is appropriate because acoustical waves barely scatter inside a biological tissue. The US beam drives scatterers into motion and modifies the local refractive index within the medium, changing the optical path. As a consequence, scattered light crossing this ultrasonic volume is modulated: This is the acousto-optical effect. The other impor-tant point is that cancerous tissues can have low or no acoustic contrast at early stages, whereas they do have an optical one: If US is focused inside an absorbing area, the amount of modulated light diminishes, inducing an optical contrast of the recorded signal. Sweeping the ultrasonic beam position permits three-dimensional images to be obtained. The method has already been handled with success by several groups [3] [4] [5] with different acquisition techniques; however, it still lacks an accurate localization of the optical contrast along the US propagation, which is ruled out by the large US effective interaction volume along the US beam propagation z. The optical contrast crudely depends on the ratio of the object to the interaction US beam volumes. So, any object smaller than the US focal zone ͑typically a cylinder of 2 mm in diameter and 20 mm or more in length͒ will be difficult to localize along z. In addition, the weak acousto-optical contrast ͑a few percentage͒ can be hidden in signal variations owing to the heterogeneity of biological tissues or noise.
To improve the spatial resolution inside the medium, one can consider, a panel of techniques, for instance, the use of the nonlinear acoustical response of the medium 6 or of the time-resolved pulsed acoustical waves. In our case, we use a particular technique of modulation ͑chirp͒ of our US and light beams, coupled to a CCD camera. This modulation offers the possibility of detecting the optical signal from a particular position along the US beam as long as one can select a single frequency within the Fourier spectrum of the signal.
The chirp method has already been used with a single detector 7 or with multiplexed lock-in detection. 8 The first approach uses a Fourier transform to obtain a one-dimensional image with a single timedomain signal. In the second, the signal acquisition is done with a sequence of four images during a period of modulation; the resulting phase and amplitude of the signal is obtained from a linear combination of these images, as described elsewhere. 3 Our approach combines these two methods. In our configuration, we sample the temporal acoustooptical signal by recording a film sequence during the chirp period with our CCD camera and then by taking the Fourier transform of the time-domain signal recorded by each pixel. With spatial response being simply encoded in the frequency spectrum, we thus obtain the optical contrast along the path of the US propagation beam with the signal-to-noise ͑SNR͒ that is improved because of parallel detection.
Experiment
To simulate biological tissues, we have prepared phantoms of aqueous solution ͑200 ml͒ containing gelatin ͑20 g͒, agar ͑6 g͒, and a dilution of 200-nm diameter ͑6 ml͒ latex spheres that scatters light. The reduced scattering length of roughly 2 cm Ϫ1 and absorption in the near infrared is very weak. 6 The samples are rectangular parallelepipeds with 3-cmwide faces, whereas the thickness varies typically between 1 and 3 cm. We have buried inclusions made of the same material dyed with black ink ͑to-tally opaque in the near infrared͒ in the middle of a 2-cm-thick sample to create ͑and detect͒ optical contrast. This inclusion, a cylinder of 4-mm diameter and 2 cm long as shown in Fig. 1 , is not detectable with an echograph.
The ultrasonic wave ͑1-3 MHz͒ is created by a Panametrics emitter ͑output diameter of 4 cm͒. The focal length in water is 68 mm, with a focal spot of approximately 2 mm in diameter. With an applied voltage of 60 V on the transducer, we have measured at the focus point a peak pressure of 1 MPa. The sample and the US source are immersed into water to ensure a good coupling of the emitter inside the sample.
The light source is an axial and transverse singlemode laser diode ͑SDL Corporation͒ operating at 835 nm, with a maximum output power of 200 mW. This source can be modulated in intensity at frequencies in the range of the US so as to generate low-beat frequency components compatible with the camera rate ͑200 Hz at maximum͒. This modulation consists of a linear chirp sequence of period T c . The beam uniformly illuminates the sample over a 25-mm-diameter window. The light detector is an 8 bit ϫ 256 pixels ϫ 256 pixels CCD camera ͑DALSA Systems Corporation͒ working at a maximum rate of 200 frames per second. Because of the speckle nature of the light output, the output wave front is distorted with random phases, and the grain intensity varies widely in the outplane. Nevertheless, they yield the same temporal information coming from the US modulation. In this setup, the camera does not record images. It is used as a multidetector array ͑65,536 pixels͒: We position the camera and use a zoom lens to match the size of a grain with the size of a pixel ͑approximately 15 m͒; we define our signal as the average of the magnitude recorded by the independent 64-K CCD pixels and thus the resulting SNR is ͑64 K͒ 1͞2 ϭ 256 times better than for a single detector. This setup is designed for a parallel, consequently fast, processing of the 64-K channels. 
Signal Processing
Let b ͑MHz͞s͒ denote the velocity of the chirp and V US , the velocity of the US inside the medium ͑typi-cally 1500 m͞s͒. Let f Las ϭ f 1 ϩ bt and f US ϭ f 2 ϩ bt be the frequencies of the laser and the US, respectively, during the chirp. Assume that the US beam propagates along the z direction. Considering US propagation at coordinates ͑x, y, z, t͒, one can express the ultrasonic vibration amplitude approximately as
where A US is the spectral acoustic response of the US source and a ac is the local ultrasonic magnitude in the medium. Light that crosses the US zone is sensitive to the associated phase modulation, and finally, since the laser flux is also chirp modulated, each pixel receives a flux with a time evolution as follows:
The term ͑x, y, z, t͒ is a random phase associated with each grain of speckle. The time acquisition of the signal ͑approximately 1 s͒ is small compared with the speckle decorrelation time in our medium. It is clear that it should be slightly reduced for real biological tissues. 4 Evidently, if an optical contrast A opt ͑x, y, z͒ ͑damping of the photons between 0 and 1 in the insonified zone͒ exists within the US interaction volume, the modulation amplitude is affected by this factor, and we can reconstruct an image by scanning the US beam. Expression ͑2͒ can be separated into a high-frequency component, which is of no influence since it is averaged out by the camera, and a low-frequency term of the form
We clearly see in this last expression that each location z along the US beam encodes an apparent frequency f 1 Ϫ f 2 ϩ b͑z Ϫ z orig ͒͞V us . To extract this frequency information ͑and visualize optical contrasts͒, we record a movie of the signal over 256 frames ͑camera integration time, 1͞203 s͒ during approximately one half of a chirp period ͑T c ϭ 2 s, b ϭ 1 MHz͞s, f start ϭ 1 MHz, V us ϳ 1.5.10 3 m͞s͒. To avoid artifacts on the data acquisition, we synchronize the chirp period and the camera. Once the signal has been recorded, we take its Fourier transform. Since each frequency corresponds to a z position, we obtain the entire signal along the US beam propagation. Besides the rate b of the chirp, it is possible to tune the difference in starting frequencies ͑26 Hz in our case͒ of the sources to center the location zone inside the medium. This fact can be valuable, for example, in translating the spectrum out of the dc signal. Since the camera rate is approximately 200 Hz ͑and 256 images͒, we can explore 128 frequencies ranging from 0 to 100 Hz. This range corresponds to an exploration of 15 cm inside the medium, and this 15-cm length is much larger than the size of our sample ͑a window of 3 cm͒. The spatial resolution is linked to the frequency resolution by ⌬z ϭ ͑V US ͞b͒⌬f. For the discrete Fourier transform, this frequency resolution is given by ⌬f ϭ F cam ͞N, where F cam is the camera rate and N the number of acquired frames. Combining these two expressions shows that the spatial resolution is inversely proportional to the chirp-frequency span and corresponds to 1.2 mm for our experimental conditions. Figure 2 shows two slices taken along the US beam z direction. The first slice ͓Fig. 2͑a͔͒ is obtained when the US beam crosses inside the inclusion ͑4 mm in diameter͒, whereas the second one ͓Fig. 2͑b͔͒ is obtained when the US beam is positioned after the inclusion; it shows that the spatial response typically spreads over 2.5 cm ͑1.5 cm at half width͒, which corresponds approximately to the diameter of the exit window. This response also includes the magnitude distribution of the US along the propagation. But what is clear here is that the US is not absorbed, because we measure a signal after the inclusion; thus we are measuring a pure optical contrast.
Results and Discussion
When the US beam locates into the inclusion, we observe a fall of the signal, with a contrast close to 80%, and a good SNR. The full width at halfmaximum of the optical contrast is approximately 4.3 mm, fully compatible with the 4-mm diameter of the inclusion. To the best of our knowledge, this optical contrast is comparable with the ones obtained for measurement on a small object. 8 Figure 3 shows a two-dimensional ͑z, x͒ image of the inclusion. We notice larger spatial response in the middle of the sample ͑FWHM ϭ 1.94 cm͒ compared with the one at the exit window ͑FWHM ϭ 1.5 cm͒. This increase comes from the fact that a scattered photon coming from a region screened out by the exit aperture keeps a probability to reach the detector.
In principle, the contrast should be even more important since ink is opaque at 835 nm. We shall invoke the fact that the samples contain a gel of agar, which is a US reflector, so there could exist a mere diffusion of the US outside of the opaque structure, which would as a consequence, create a background. Another explanation of the background could come from the fact that a tagged photon crosses the absorbing medium over a small path but still goes out and reaches the detector. Figure 3 shows an image for different ͑z, x͒ planes with fixed y position at the center of the object. In this plane, the object should be a 4-mm-diameter circle. This is approximately the case along the z direction, whereas the x dimension is 8 mm, with a contrast of approximately 20%. This broadening may come from the focusing of the US, but shadow effects of the object may also be at the origin of this. 9 To have an estimation of the spatial resolution of the setup, we have buried inside a sample two parallel cylinders of black ink with a diameter of 5 mm and centers separated by 8.5 mm. Their lengths are oriented along the y direction ͑as defined in Fig. 1͒ . We see on Fig. 4 a slice that shows the two objects along the US direction. Once again, one notices that the envelope of the signal does not fall after the object and that we still measure an optical contrast. We see that the experimental dimensions of the objects differ a bit from the initial ones, but this difference is most probably because the sample is compressed between the windows. Figure 5 is a two-dimensional ͑z, x͒ map of the sample and clearly reveals the two structures.
As stated above, we do not take full advantage of the frequency spectrum available to the camera. Considering that it covers an equivalent of 15 cm and that our samples are 2 cm thick, we could improve the efficiency of our technique by dispatching other chirped sources that would encode the region of interest in unused parts of the frequency spectrum. We would thus obtain as many lines in one measurement.
Conclusion
We have demonstrated an alternative way of performing acousto-optical imaging in biological phantom samples using a frequency-chirp modulation of the US coupled to a CCD camera. It consists of recording a film sequence of the optical signal during the chirp period. The signal processing consists of a Fourier transform, which encodes the information about the localization of the signal along the ultrasonic propagation. We have shown that we could reach a spatial resolution of 1 mm along the axial direction of the US beam. Further investigations are needed to clarify the depth resolution, as well as to improve the amount of information obtainable with this technique, while one keeps in mind the need to validate the technique with real biological samples.
